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(57) Abstract 

The present invention relates to compositions comprising amounts of at least two therapeutic agents selected from a group consisting 
of a famesyl protein transferase inhibitor which is an effective inhibitor of the enzyme because it is competitive with respect to the protein 
substrate of the enzyme and a famesyl protein transferase inhibitor which is an effective inhibitor of the enzyme because it is competitive 
with respect to famesyl pyrophosphate. Further contained in this invention arc methods of inhibiting famesyl-protein transferase and treating 
cancer in a mammal, which methods comprise administering to said mammal, either sequentially in any order or simultaneously, amounts 
of at least two therapeutic agents selected from a group consisting of a famesyl protein transferase inhibitor which is an effective inhibitor 
of the enzyme because it is a competitive inhibitor with respect to the protein substrate of die enzyme and a famesyl protein transferase 
inhibitor which is an effective inhibitor of die enzyme because it is a competitive inhibitor with respect to famesyl pyrophosphate, in amounts 
sufficient to achieve an additive or synergistic dierapeutic effect. The invention also relates to mcdiods of preparing siKrh compositions. 
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.ABSTRACT An important class of cellular proteins, 
\>hich includes members of the p21ras family, undergoes 
posttranslHtional farnesylation, a modification required for 
their partition to membranes. Specific farnesyl transferase 
inhibitors (FTIs) have been developed that selectively inhibit 
the processing of these proteins. FTIs have been shown to be 
potent inhibitors of tumor cell growth in cell culture and in 
murine models and at doses that cause little toxicity to the 
animal. These data suggest that these drugs might be useful 
therapeutic agents. We now report that, when FTI is combined 
with some cytotoxic antineoplastic drugs, the effects on tumor 
cells are additive. No interferenc j Is noted. Furthermore, FTI 
and agents that prevent microtubule depolymerization, such 
as taxol or epothilones, act synergistically to inhibit cell 
growth. FTI causes increased sensitivity to induction of meta- 
phase block by these agents, suggesting that a farnesylated 
protein may regulate the mitotic check point. The findings 
imply that FTI may be a useful agent for the treatment of 
tumors with wild-type ras that are sensitive to taxanes. 

Potent and specific peptidomimeiic inhibitors of farnesyl trans- 
ferase (FTIs) have been synthesized and characterized by 
several laboratories (1-4). These compounds originally were 
conceived as potential anii-neoplastic drugs because the Ras 
family of proteins is farnesylated. Members of the ras family of 
protooncogencs are mutated in 309^ of human cancers, and the 
Ras protein plays an important role in the development and 
progression of many human cancers. Ras is isoprenylated 
through the addition of a C15 farnesyl moiety. This modifica- 
tion confers association with the plasma membrane. Mutants 
of Ras that do not become membrane-associated are not 
transforming, and FTIs cause the reversion of transformation 
of fibroblasts that express the Ha-ras gene (reviewed in ref. 5). 

FTIs also inhibit the growth of a majority of human tumor 
cells in culture. In a variety of animal systems, including 
V'H-ras transgenic mice and xenograft models. FTIs inhibit 
tumor growth, causing complete tumor regression in some 
murine models (6, 7). However, it is not clear that the key 
defarnesy la ted target protein is Ras. Human tumor cells 
without ras mutation often are quite sensitive to FTIs (8). The 
membrane association of Ki-ras and N-ras proteins is much less 
sensitive than is that of Ha-ras. yet tumor cells containing 
mutated Ki-ras can be quite sensitive to the drug (7, 9). 
Remarkably, even though FTI affects the processing of wild- 
type Ras protein, the drug has little discernible toxicity in 
animals at doses that have major anti-tumor effects (6). 

These data do not rule out the possibility that Ras inhibition 
plays an important role in FTI action, but they suggest that 

The publication costs of this anicie were defrayed in part by page charge 
payment. This article must therefore be hereby marked '^advertisement" in 
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Other targets may be involved { 10). A number of other proicin> 
are known to be farnesylated, including RhoB and Rap2. 
lamins A and B. phosphorylasc kinase, rhodopsin kinase, cyclic 
GMP phosphodiesterase, and the y subunil of transducin (5). 
Whatever the mechanism of inhibition of tumor cell growth. 
FTIs are novel drugs with wide therapeutic index in animals. 
Their role in the treatment of cancer patients has not been 
defined, but their low toxicity in animals, especially the 
absence of myelosuppression, suggests that they could be used 
effectively in combination with conventional chemotherapeu- 
tic agents. However, FTIs are cytostatic in some experimental 
models and could conceivably interfere with the effects of 
cytotoxic agents. We now have tested the effects of combina- 
tions of FTI and a variety of commonly used anti-cancer agents 
on human tumor cells in culture. FTI in combination with 
many of these agents causes potent and additive cell killing. 
Moreover, the effect of FTI in combination with ta.xol or an 
epothilone. agents that stabilize microtubule polymerization, 
is synergistic. Analysis of the mechanism of this interaction 
suggests that FTI enhances the mitotic block caused by expo- 
sure to these agents. 

MATERIALS AND METHODS 

Cell Culture and Growth Assays. MCF-7 and iVlDA-MB"16S 
breast cancer cells were obtained from the American Tvpe 
Culture Collection and maintained in a 1:1 mixture of D.ME- 
to-F12 media supplemented with 100 units/ml penicillin. 100 
Mg/inl streptomycin. 4 mM glutamine, and 10^ heat- 
inactivated fetal bovine serum and incubated at 3TC at 5^c 
CO:- Growth assays were performed by seeding 5,000 or 
10,000 cells per well in 6-weli clusters and incubating for 24 h 
before drug treatments. Various drug treatments then were 
administered as outlined for individual experiments, and cells 
were incubated for 8-10 days, at which time they were har- 
vested by trypsin izat ion and counted with a Coulter counter. 
Doxorubicin (Pharmacia), cisplatin (Brisiol-Meyers). and 
taxol (Bristol-Meyers) were diluted appropriately in media :o 
achieve the desired experimental conditions. The FTI 
L-744832 [Merck (6)] was dissolved in PBS. desoxyepothilone 
- A was dissolved in dimethyl sulfoxide, and appropriate dilu- 
tions were made in media to achieve desired experimental 
conditions. Cells were exposed to chemotherapy for 4 h to 
approximate in vivo exposure of tumors to these drugs. FTI is 
used in continuous culture because preclinical studies indicate 
tumor regrowth upon cessation of therapy (5). 

Cell Cycle Analysis. Cell cycle disiribuiien was studied in 
cells harvested by trypsinization, taking care to preserve the 
suspended and adherent cell populations. .After washing in 
cold PBS, cell nuclei were prepared by the method of Nusse 

Abbreviations: FTI, farnesyl transferase inhibitor, FACS. flow- 
assistcd cell sorter. 
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SUMMARY 

Paclitaxel was examined for its effects on ceil sun/ival. intemu- 
cleosomal DNA fragmentation, and protein isoprenylation in the 
human prostate cancer cell line PC-3. Treatment of cells with 
paclitaxel at 5-60 nM for 24 hr resulted in a dose-dependent 
inhibition of cell viability (IC50, 31.2 nw), which was partially 
prevented by supplementing the cell culture medium with two 
nor^sterol polyisoprenyl compounds, famesyl-pyrophosphate 
(-PP) and geranylgeranyl-PP (3 mm each). Furthemnore, agarose 
gel electrophoresis of DNA extracted from cells treated with 
paclitaxel (15-60 nM) for 24 hr showed DNA laddering with 
production of fragments of 180-base pair multiples, indicating 
the occurrence of apoptotic cell death. Intemucleosomal DNA 
fragmentation by paclitaxel was also detected by a photometric 
enzyme immunoassay using antihistone antibodies; if culture 



medium was supplemented with farnesyl-PP and geranylgera- 
nyl-PP (3 p.M each), a reduction in mono- and oligoucleosome 
production was observed. The post-translational incorporation 
of metabolites of {flS)-[5-^H]mevalonolactone (100 ^Ci/ml) into 
prenylated proteins of PC-3 cells was inhibited by paclitaxel at 
30 and 60 nM. In addition, the immunoprecipitation of p21ras 
and p21rap-1 proteins from PC-3 cells exposed to paclitaxel 
(30 and 60 nM) and labeled with (/?S)-[5-^H]mevalonolactone 
showed a substantial inhibition of the incorporation of famesyl 
and geranylgeranyl prenoid groups, respectively, into the afore- 
mentioned proteins. These results indicate that the inhibition of 
protein isoprenylation is a novel component of the complex 
biochemical effects of the drug and plays an important role in 
the mechanism of paclitaxel cytotoxicity in PC-3 cells. 



Eukaryotic polypeptides that are initially synthesized with 
the carboxyl-tenninal amino acid sequence CAAX. including 
a variety of signal-transducing proteins such as G proteins 
and cGMP phosphodiesterases, can be targeted for a series of 
sequential post-translational modifications (1), This novel 
processing pathway includes the isoprenylation of the cys-- 
teine residue with a Cjs farriesyl or C20 "geranylgeranyl moi- 
ety , followed by proteolysis of the three terminal residues and 
a-carboxyl methyl esterification of the cysteine residue (2). 
The isoprenoid famesyl-PP is a particularly important inter- 
mediate in the mevalonate pathway. It is used to synthesize 
cholesterol (3), and it is also bound covaleiitly to the proteins 
encoded by the ras oncogenes (4), whose mutated forms are 
among the most common genetic abnormalities in human 
cancers (5). In addition, ras-related, low molecular weight G 
proteins, including the products of the rap-1, rab, and rho 



R.D. is from the Scuola Superiore di Studi Universitari e di Perfeziona- 
mento S. Anna (Pisa, luly). Financial support from the Italian Association for 
Cancer Research (Milano. Italy) to R.D. is gratefully acknowledged. 



genes, have been shown to be geranylgeranylated (1). Thus, 
isoprenylation is a critical step for subcellular localization of 
and acquisition of biological activity by signal-transdudng 
proteins that play a pivotal role in cell growth regulation. 

Inhibitors of the enzyme HMG-CoA reductase, such, as 
lovastatin, block the production of mevalonate and its me- 
tabolites, including famesyl-PP and geranylgeranyl-PP, and 
have been shown to suppress the proliferation of many cell 
types (6). Inhibition of isoprenoid biosynthesis by lovastatin 
triggers apoptosis in ihf human promyelocytic cell line 
HL-60 (7), an effecL that is also produced by paclitaxel in the 
same cell line (8)-Paclitaxel is a terpene compound obtained 
from the bark of Tojcus brevifolia and is characterized by strong" 
affinity for tubulin protein and remarkable antitumor activity 
in vitro and in vivo (9). Apart firom its well known antimicrotu- 
bular effect, other pharmacodynamic properties of the drug are 
still to be examined. In the present study, the effects of pacli- 
taxel on apoptosis and protein prenylation were investigated in 
the human prostate cancer cell line PC-3. 



ABBREVIATIONS: PP, pyrophosphate; HMG-CoA. 3-hydroxy-3-methylglutafyl-coenzyme A; bp, t>ase pair(s); MTS, 3-(4.5-dimethylthiazol-2-yO- 
5-(3-carboxymethoxyphenyI>-2-(4-sulfophenyl)-2H-tetrazolium; PAGE, polyacrylamide gel electrophoresis; SDS. sodium dodecyl sulfate. 
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